The masses of inositol phosphates have been determined in isolated skeletal muscles from Xenopus laevis (sartorius, tibialis anterior and iliofibularis) and rat (gastrocnemius and soleus) which were quick-frozen in the resting state and at different stages of an isometric (Xenopus) or isotonic (rat) tetanus. The isomeric spectrum of inositol phosphates detected was similar to that in other tissues and cell types. The total sarcoplasmic concentrations of the isomers Ins-(l,4,5,6)P4/Ins(3,4,5,6)P4 (0.2-0.9,UM), Ins(1,3,4,6)P4 (not detectable), Ins(l, 3, 4, 5, 6 )P, (about 1 ,UM) and InsP1 (3.2-4.6 ,UM) were lower than in other cell types. Variations in these concentrations were due to the muscle type rather than to the donor species. The putative. second messenger Ins(1 ,4,5)P3, as well as its dephosphorylation product Ins(1 ,4)P2, were present at surprisingly high total myoplasmic resting concentrations, ranging from 1.2 to 2.5 ,UM and 3.5 to 6.9 ,UM respectively. Upon tetanic stimulation these two inositol phosphates in particular exhibited significantly increased total sarcoplasmic concentrations, up to 4.2 /tM and 11.3 JUM respectively, with a time scale of seconds. From the initial rate of increase in the total sarcoplasmic concentrations of Ins(1,4,5)P3 and its rapidly formed metabolic products, a minimal phosphoinositidase C (PIC) activity in tetanically activated Xenopus skeletal muscle of about 1.7-2.6,UM/s can be estimated. This PIC activity observed in vivo seems to be far too low to account for a functional role for Ins(1,4,5)P3 as a chemical transmitter in the fast excitation-contraction coupling (ECC) process in skeletal muscle. The presence of Ins(1,3,4,5)P4 in all muscle types is indicative of a Ca2+-activated Ins(1,4,5)P3 3-kinase activity. The rapid transient increases in Ins(1,3,4)P3 and Ins(1,3)P2 in isometrically contracting Xenopus muscles suggest that corresponding Ins(1,3,4,5)P4 phosphatases are operating in skeletal muscle as well. In all muscles investigated except rat soleus, the fructose 1,6-bisphosphate [Fru(1, 6 )P2] concentration increased substantially during a tetanus, up to about 2 mm. This increase is correlated with a simultaneous decrease in phosphocreatine, whereas the energy charge of the muscles was essentially unaffected by the applied tetani. The time course of the rise in Fru(1,6)P2 was used to model changes in the free concentrations of hi.gh-affinity aldolase-:binding inositol phosphates during the course of a tetanus. These calculations demonstrate that the free concentration of Ins(1,4,5)P3 and other aldolase-bound inositol phosphates can increase much faster and to a larger extent than the corresponding total concentrations as a result of their competitive displacement from aldolase-binding sites by the rapidly rising concentration of Fru(1,6)P2.
INTRODUCTION
Skeletal muscle fibres are equipped with the biochemical machinery of the phosphoinositide-linked signal-generating pathway, consisting of phosphatidylinositol kinase, phosphatidylinositol 4-phosphate kinase and phosphatidylinositol 4,5- bisphosphate-specific phosphoinosi-tidase C (PIC) [1, 2] . The activities of these enzymes are comparable with those found in other cell types in which a functional role for the phosphoinositide-linked signalling system in intracellular Ca2l mobilization has been established (for review, see [3] ). In contrast, in skeletal muscle neither the initiating signal for the generation of Ins (1, 4, 5) P3 nor the physiological function of this second messenger are unequivocally known. There is some experimental evidence that skeletal muscle depolarization leads to a transient increase in Ins(1,4,5)P3 turnover, as measured by means of radioisotope techniques [4, 5] . On the other hand, the generation of Ins (1, 4, 5) P3 by PIC appears to be Ca2+-dependent [6] , which is not in agreement with a direct activation of PIC by membrane depolarization. Ins(1,4,5)P3 has been described as the initiator of Ca2+ release from the sarcoplasmic reticulum (SR) during excitation-contraction coupling (ECC); however, the available data are controversial (for review, see [7] ). The Ca2+ release observed after a rapid increase in sarcoplasmic Ins (1, 4, 5) P3 181 is much slower than that observed under voltage clamp conditions [9] .
The functional Ca2l-release channel of the SR, i.e. the ryanodine receptor complex [10] (which has been expressed in Chinese hamster ovary cells) is not activated by Ins (1, 4, 5) P3, which also argues against Ins(1,4,5)P3 being the major physiological messenger of ECC in skeletal muscle [11] .
Another line of evidence indicates the existence of a functional role for Ins(1,4,5)P3 as a modulator of different cellular processes occurring on a time scale of seconds. Ins (1, 4, 5) P3 and other inositol phosphates are potent competitive inhibitors of the glycolytic enzyme aldolase A [12] . We have shown that a fraction of the sarcoplasmic aldolase that is bound to cellular structures such as myofilaments and triads is released upon binding of inositol phosphates and fructose 1,6-bisphosphate [Fru (1, 6 )P2] to the enzyme [13] . This repartitioning of aldolase might also be responsible for the reported Ins(1,4,5)P3-induced enhancement of the Ca2+ sensitivity of the contractile mechanism [14] . In ord-er to evaluate concentration changes in inositol phosphates and Fru-(1,6)P2 in skeletal muscle at different states of activity, mass determinations of these compounds rather than radiolabelling experiments are necessary. We have used the novel h.p.l.c./metaldye detection method [15] was employed with the acidic elution system (long column elution systemI) described in [15] . The 
Analytical controls
Fractions of processed samples from larger muscle specimens (> 250 mg) were submitted either to a limited acid treatment to remove acid-labile compounds (see the Results section) and to assess the presence of inositol phosphates undergoing acid migration oftheir phosphate groups, or to treatment with alkaline phosphatase. For the acid treatment, samples were brought to 1 M with trichloroacetic acid and boiled for periods of either 7 or 14 min. After five ether extractions they were analysed as normal. For alkaline phosphatase treatment, samples of up to 1 ml were diluted to 3 ml with water, the pH was adjusted to 9.0 with Tris/base, and MgCl2 and alkaline phosphatase (molecular biology grade) were added to final concentrations of 5 mm and 0.2 or 2 units/ml respectively. After 16 h at room temperature, the enzyme was precipitated by adding trichloroacetic acid to 1 M and the supernatants were ether-extracted five times and analysed as normal. 
Chemicals
Chemicals and reference compounds used for sample processing and analysis were as described in [15] . All other chemicals were at least of analytical grade.
RESULTS
The total masses of all separated isomers of inositol bis-, tris-, tetrakis-and pentakis-phosphate, and those of InsP1, 2,3-BPG, Fru(1,6)P2 and PP, were analysed in intact skeletal muscles in the resting state and in muscles tetanically stimulated under isometric conditions (Xenopus) or under unloaded shortening (i.e. close to isotonic) conditions (rat). [Since all isomer analyses were not enantiomer-specific, the exclusive use of the abbreviations Ins- (Fig. 1 3) but none in the InsP3 region increased, the basic (more acidstable) structural moieties of the compounds XP3, XP4, YP4 and ZP4 appear to be sugar bisphosphates. The disappearance of all four compounds upon treatment with alkaline phosphatase (results not shown) indicated that each compound contains at least one phosphomonoester. The most likely structures therefore are sugar phosphate di(poly)-and tri(poly)-phosphates (PP-X-P and PPP-X-P). XP3 was not identical to phosphoribosyl pyrophosphate. The acid treatment controls revealed that practically all of the material eluting at the positions of Ins(1,2,4,6)P4 and Ins(l,2,4,5)P4 was assignable to the acid-labile compounds XP4 and YP4.
In Xenopus sartorius and tibialis anterior muscles we realized that, although the absolute concentrations of the compounds PPi, P3i, XP3, XP4 and YP4 were quite different (varying from about 0.5 gmol/g for PP1 to below I nmol/g for the compounds XP4, YP4 and ZP4; see Fig. 2 ), their rapid changes during contraction all paralleled the decreases in the concentration of CrP (see Fig. 5 ). In contrast, the decrease in ATP concentration (results not shown) and in the energy charge (see below) were much less pronounced. When the reneutralized muscle extracts were analysed for these compounds without a preceding lyophilization (carried out with portions of the samples from the same muscles; see the Materials and methods section), most of these compounds were absent, except for a small amount of PPV.
This indicates that all of the 'energy-rich' products were artificially produced by chemical trans-phosphorylation reactions between CrP [18] . Assuming a concentration of 3800 nmol of 2,3-BPG/g in blood [18] , these masses might be mainly attributed to 0.5-1.5 % contamination of the muscle tissues with blood. Fig. 4 . The total Ins(1,4)P2 concentration approximately doubled within 10 s of the isometric tetanus in Xenopus sartorius and tibialis (Figs. 4a and 4b ). The concentration of the InsP2 isomer tentatively assigned as Ins(1,3)P2 showed a marked but transient increase in Xenopus sartorius, and a kinetically similar but much smaller transient in Xenopus tibialis anterior. In the former muscle, the rise in concentration from about 1.5 to 4.1 /aM was the fastest change of any of the inositol phosphate concentrations measured. In the isotonically contracting rat muscles only a transient rise in Ins(1,4)PJ, to above 11 /tM, was observed in the ga-strocnemius (Fig. 4c) . In all muscles of the fast and mixed type, Ins(1,4,5)P3 increased significantly during the tetanus with similar kinetics (Fig. 4) , but in the slow rat soleus ( (12) 5.60±0.51 (2) Fru(l,6)P2 525 ± 37 (10) 1030±444 (2) Ins (2, (9) 3.29+0.20 (7) 60.2+2.2 (10) <0.03(10) 0.13 +0.03 (10) 0.69+0.04 (9) 0.17+0.02 (11) < 0.03 (10) 0.50+0.02 (9) <0.02 (10) 0.65+0.02 (11) 1.85+0.14 (9) 1.22+0.30 (2) 2.74+0.37 (2) 60.7+2.3 (2) < 0.03 (2) 0.07 +0.03 (2) 0.58 +0.02 (2) 0.14+0.03 (2) <0.03 (2) 0.38+0.14 (2) < 0.02 (2) 0.58+0.07 (2) 1.53+0.58 (2) 1.37+0.11 (6) 3.93 +0.34 (6) 55.7+ 3.9 (6) <0.03 (6) 0.10+0.01 (6) 0.71 +0.08 (6) 0.16+0.06 (4) < 0.03 (6) 0.46 + 0.04 (6) < 0.02 (6) 0.52 + 0.05 (6)t 1.54+0.16 (6) 1.34+0.21 (4) 3.14+0.25 (4) 55.1 + 7.3 (4) < 0.03 (4) 0.10+0.02 (4) 0.74+0.11 (4) 0.13+0.02 ( tracting rat muscles (Fig. 4 and Table 1 ). The rapid concomitant increase in Ins(1,3)P2 in the former muscles might identify this isomer as a likely dephosphorylation product of Ins(1,3,4)P3.
Ins(1,3,4,5)P4, the likely precursor of the latter inositol phosphates, in fact shows very similar transient increases in the Xenopus muscles (Figs. 4a and 4b ), but not in rat muscles (Fig. 4c , Table 1 (Table 1) . They do not appear to be involved in the essential regulation of muscle function in the observed time domain. Their functional roles in other animals cells are largely unknown [20] .
Several observations indicate interference between inositol phosphates and the key glycolytic compound Fru(1,6)P2 via the high-affinity inositol phosphate binding protein aldolase [12, 13] and the glycolytic key enzyme phosphofructokinase (PFK) [21] , as well as interference of this and other bisphosphorylated glycolytic intermediates with Ins(1,4,5)P3 5-phosphomonoesterase [22] . Therefore we have also measured the masses of Fru(1,6)P2 and, as indicators of the energy state of the muscles, those of ATP, ADP, AMP (results not shown) and CrP (Fig. 5 ) under resting and tetanically activated conditions. In the resting The time courses of the changes of these compounds were modelled for Xenopus sartorius (a-c) and tibialis anterior (d-f). The total sarcoplasmic concentrations derived as described [19] and Ins(1,4)P2 respectively, were taken from [12] . For the total concentration of aldolase sites in skeletal muscle (ALD) a value of 810 uM was used [37, 38] .
fast and mixed-type muscles, the average mass of Fru(1,6)P2 was significantly higher than in rat soleus ( 
DISCUSSION
Although killing the animals might have led to mass changes of inositol phosphates due to hormonal stress, the inositol phosphate concentrations in non-stimulated muscles are assumed to represent resting values in vivo. The spectrum of inositol phosphate isomers found in resting skeletal muscles of Xenopus and rat (Table 1) shows some differences from the spectrum of these substances in non-stimulated cultured cells ([17,20,33] and Ins(1,4)P2 were unexpectedly high, ranging from about 1.2 to 2.5 tM and 3.5 to 6.9 uM respectively. Upon tetanic stimulation, the latter two inositol phosphates exhibited significant increases in concentration in all muscles investigated except for the rat soleus ( Fig. 4 [6] and a recent finding of a Ca2+-activated PIC in bovine rod outer segments [26] argue for this activation mechanism of PIC in muscle, although the alternative, i.e. activation by increased substrate access, cannot be ruled out. It has been shown that Ca2+ influx through the Ttubular membrane is not necessary for initiation of Ca2+ release from the SR [27] . Consequently, a Ca2+ activation of skeletal muscle PIC would imply that this process does not play an essential role in the key mechanism of ECC. The recent report of an opening of T-tubular dihydropyridine-sensitive Ca2+ channels by Ins(1,4,5)P3 [28] would in fact point to a downstream effect of increasing Ins(1,4,5)P3 in skeletal muscle. An activation of PIC by increased substrate access would require a preceding mechanism deprotecting unaccessible Ptdlns(4,5)P2, i.e. it would also be a secondary event.
The sum of the initial rates of increase of Ins (1,4) [29] and T-tubule membranes [30, 31] (1.5 Hz) in rat diaphragm [32] . These preliminary data might explain our continuous rises in Ins(1,4,5)P3 during tetanic stimulation (30 Hz) as fused Ins(1,4,5)P3 transients. Ins(1,4,5)PJ in skeletal muscle has been suggested controversially in several reports [5, 7, 8, 11, 31] to function as a chemical transmitter of ECC, inducing Ca2+ release from the SR by binding to a putative receptor. In fact, the skeletal muscle ryanodine receptor, which appears to be the Ca2+-release channel of the SR [10] , shows some sequence similarity to the brain Ins(1,4,5)P3 receptor [33] , but does not show high-affinity binding of Ins(1,4,5)P. [34, 35] . Despite this inconsistency and despite the lack of direct coupling of PIC to membrane depolarization (above) we have tested our data for compatibility with such a modeL The net rate of production of Ins(1,4,5)P3 should then correiae with a. lag of about 2 ms between T-tubule depolarization and SR Ca2l release 1361
Provided that the Kd in vivo of a putative receptor in the junctional gap is of the order of 0.1 am [35] , this concentration at least should be attained within the lag time. A minimal PIC activity of 50/uM/s would then be required in the junctional gap, which is about 19-29 times the overall PIC activity estimated for Xenopus sartorius and tibialis antefior (see above). Thus, even if the entire PIC acti-vity of skeletal muscle were concentrated in the junctional face of the T-tubules, it would be unlikely to suffice for Tns(1,3,4 ,5)P4 occur during isometric tetani in Xenopus muscles, with subsequent decreases, one is tempted to make a similar assumption also for the Ca2l-activated activity. However, the rapid appearance of the dephosphorylation products Ins(1,3,4)P3 and Ins(1,3)P, in these muscles argues for a certain Ca2+-activation of this enzyme which may be obscured by rapid dephosphorylation of its product Ins(I,3,4,5)P4, i.e. by rapid turnover. Such rapid dephosphorylation may be due to increased' phosphatase susceptibility. (discussed below) and might explain why the dephosphorylation products increase only transiently.
Due to the reported binding of inositol phosphates to aldolase, an abundant enzyme in muscle [12, 13] , the determined concentrations of these compounds (Fig. 4) Figs. 6a-6c ), the maximum rates of increase of the free inositol phosphate concentrations will also be markedly higher than those of the total concentrations. In this muscle, half-times for the free inositol phosphates are thus 10-fold smaller (less than 1 s) than those for the total inositol phosphates. They will be even smaller than those reported for agonist-stimulated increases in Ins(1,4,5)P3 in most cells [3] .
In oxidative muscles such as the rat soleus, where Fru(1,6)P2 does not increase during contraction (see Table 1 ), the phenomenon described above will not occur. However, in fast and mixed-type muscles a coupling of inositol phosphate changes to changes in glycolytic activity, i.e. in energy metabolism, will take place. Although apparently not fast enough to cope with the requirements of ECC (see above), these free inositol phosphate changes might be suitable for modulation of processes in tetanically contracting muscle in a time domain of seconds, i.e. long before significant changes in energy charge occur. A similar coupling might occur in other cells with high glycolytic capacity, e.g erythrocytes. Another aspect of this interplay in muscle is that-each activation of glycolysis by muscle contraction should increase the susceptibility of inositol phosphates to phosphomonoesterases by mass action. The decrease during tetanic contraction (see the Results section) in the concentrations of a number of inositol phosphates also known to bind to aldolase [12, 13] 
